The key enzymes and pathways involved in polyhydroxyalkanoate (PHA) biosynthesis in haloarchaea have been identified in recent years, but the haloarchaeal enzymes for PHA degradation remain unknown. In this study, a patatin-like PHA depolymerase, PhaZh1, was determined to be located on the PHA granules in the haloarchaeon Haloferax mediterranei. PhaZh1 hydrolyzed the native PHA (nPHA) [including native polyhydroxybutyrate (nPHB) and native poly(3-hydroxybutyrateco-3-hydroxyvalerate) (nPHBV) in this study] granules in vitro with 3-hydroxybutyrate (3HB) monomer as the primary product. The site-directed mutagenesis of PhaZh1 indicated that Gly 16 , Ser 47 (in a classical lipase box, G-X-S 47 -X-G), and Asp 195 of this depolymerase were essential for its activity in nPHA granule hydrolysis. Notably, phaZh1 and bdhA (encoding putative 3HB dehydrogenase) form a gene cluster (HFX_6463 to _6464) in H. mediterranei. The 3HB monomer generated from nPHA degradation by PhaZh1 could be further converted into acetoacetate by BdhA, indicating that PhaZh1-BdhA may constitute the first part of a PHA degradation pathway in vivo. Interestingly, although PhaZh1 showed efficient activity and was most likely the key enzyme in nPHA granule hydrolysis in vitro, the knockout of phaZh1 had no significant effect on the intracellular PHA mobilization, implying the existence of an alternative PHA mobilization pathway(s) that functions effectively within the cells of H. mediterranei. Therefore, identification of this patatin-like depolymerase of haloarchaea may provide a new strategy for producing the high-value-added chiral compound (R)-3HB and may also shed light on the PHA mobilization in haloarchaea. H. 2015. A patatinlike protein associated with the polyhydroxyalkanoate (PHA) granules of Haloferax mediterranei acts as an efficient depolymerase in the degradation of native PHA.
P olyhydroxyalkanoate (PHA) is accumulated in the form of granules and serves as storage compound of carbon and energy in bacteria (1) and archaea (2) during growth in the presence of excess carbon sources. Several proteins, which are known as PHA granule-associated proteins (PGAPs), are embedded on or attached to the PHA granules. These include PHA synthases, phasins, regulatory proteins, and depolymerases (3) . A PHA-accumulating host may utilize the accumulated PHA for growth and survival under conditions of carbon starvation (4) . PHA depolymerase (PhaZ) is the key enzyme that functions in PHA mobilization.
In bacteria, PHA depolymerases are grouped into two classes: intracellular (catalyzing the degradation of endogenous PHA) (iPhaZ) and extracellular (catalyzing the degradation of exogenous PHA) (ePhaZ) PHA depolymerases (5) . The extracellular PHA depolymerase degradation process is well known, but the mechanism underlying the metabolic pathway and regulation of PHA degradation in vivo remains poorly understood (5) . Native polyhydroxybutyrate (nPHB) is degraded by iPhaZs in vitro to 3-hydroxybutyrate (3HB) (6, 7) or 3-hydroxybutyryl-coenzyme A (3HB-CoA) in the presence of CoA (8, 9) . The PHB degradation product, 3HB-CoA, is the precursor of PHB synthesis; hence, the simultaneous synthesis and mobilization of PHB (10, 11) have been observed, which may be controlled by the [acetyl-CoA]/ [CoA] and [NADH]/[NAD ϩ ] ratios (8) . Notably, the PHA degradation process is not simply along the reverse pathway of PHA synthesis. Crotonyl-CoA and (S)-3HB-CoA (one stereoisomer of 3HB-CoA) were recently found to be involved in nPHB degradation, which indicated that PHB degradation is separate from PHB synthesis and is connected to the ␤-oxidation cycle in Ralstonia eutropha (9) .
As far as we know, nine intracellular PHB depolymerases or PHB oligomer hydrolases have been detected in the bacterium R. eutropha H16 (6) , and these are classified as PhaZa, PhaZb, PhaZc, and PhaZd based on their degradation substrates, active sites, and molecular masses. PhaZa1 degrades nPHB to 3HB-CoA in the presence of CoA (8, 9) , whereas PhaZb and PhaZc mainly hydrolyze 3HB oligomer to 3HB (12, 13) . PhaZd degrades artificial PHB (aPHB) and nPHB granules and releases mainly 3HB oligomer with only a small amount of 3HB monomer (6, 7) . A genetic analysis showed the PHB depolymerase redundancy in R. eutropha H16. PhaZa1 is particularly important for PHB degradation (14) , while the deletion of phaZa2, phaZa3, phaZb, phaZc, phaZd1, or phaZd2 alone has no significant effect on PHB mobilization (6, 7, 12, 13, 15) .
Due to its clear genetic background (16) and the well-established genetic manipulation tools (17) , Haloferax mediterranei has been developed as an excellent model system for investigation of the PHA metabolism in haloarchaea. During growth in medium supplemented with glucose as the carbon source, H. mediterranei accumulates a considerable amount of poly(3-hydroxybutyrateco-3-hydroxyvalerate) (PHBV) containing a high ratio (ϳ10 mol%) of 3-hydroxyvalerate (3HV) monomer (18) . The PHA synthase (PhaEC) (18) , acetoacetyl-CoA reductases (PhaB1 and PhaB2) (19) , and haloarchaeal-type ␤-ketothiolases (PhaA and BktB) (20) , which are indispensable for PHBV biosynthesis in H. mediterranei, have been identified. The PHA granule-associated phasin protein (PhaP) (21) and regulatory protein (PhaR) (22) , which are important for PHA accumulation and granule formation, have also been characterized. However, the key enzymes of PHA degradation have not been identified yet for any haloarchaeal species.
In this study, we identified a novel PHA depolymerase (PhaZh1, a patatin-like protein) on the PHA granules in H. mediterranei. PhaZh1 (HFX_6464) had no similarity or identity to any known PHA depolymerase of bacteria. The function and enzyme activity of PhaZh1 were investigated through gene knockout and complementation, protein activity assays, and site-directed mutagenesis. We showed that the primary product of the native PHBV (nPHBV) granule hydrolysis by PhaZh1 was the 3HB monomer, which could be further converted into acetoacetate by BdhA (HFX_6463), a putative 3HB dehydrogenase in H. mediterranei. As PhaZh1 showed efficient activity in nPHA hydrolysis in vitro and the main products are hydroxyalkanoate monomers, it may provide a novel strategy for producing the chiral compound (R)-3HB from PHB accumulated by haloarchaea.
MATERIALS AND METHODS
Strains, culture conditions, and plasmids. The strains and plasmids used in this study are shown in Table 1 . The primers are listed in Table 2 . Escherichia coli strains were grown in lysogeny broth (LB) medium at 37°C, with ampicillin at a final concentration of 100 g ml Ϫ1 when necessary. E. coli JM109 (23) was used as a host for plasmid construction. The plasmids were shuttled into and isolated from E. coli JM110 (24) before transforming H. mediterranei strain EPS, in which a gene cluster involved in exopolysaccharide (EPS) synthesis has been deleted (25) . H. mediterranei EPS was grown in AS-168 medium in the presence of 50 g ml Ϫ1 uracil, and the recombinant H. mediterranei EPS strains harboring the derivatives of either pWL502 (21) or pHFX (17) were grown in AS-168SY medium (AS-168 medium without yeast extract) at 37°C (17) . Haloferax volcanii H1424 was grown in Hv-YPC medium (26) at 45°C in the presence of 50 g ml Ϫ1 uracil and 40 g ml Ϫ1 thymidine, and recombinant strains harboring plasmids of the pTA1228 (27) derivatives were grown in Hv-YPC medium. For PHA accumulation research, the H. mediterranei strains were grown in AS-168 or AS-168SY medium for 2 days and then transferred (1:25 [vol/vol] inoculation) into PA medium (PHA production medium [25] with 20 g liter Ϫ1 starch replaced by 10 g liter Ϫ1 glucose) for 3 days. For PHA degradation research, PHA-rich cells of H. mediterranei strains were resuspended and incubated in PD medium (PA medium without carbon) for 5 days.
PHA analysis and isolation of nPHA granules. The PHA content and concentration in the cells were analyzed via gas chromatography (GC) (GC-6820; Agilent, USA) as described previously (28) . Native PHA granules were isolated by sucrose density gradient (1.0 M, 1.3 M, 1.6 M, and 2.0 M sucrose in 100 mM Tris-HCl buffer, pH 7.15) centrifugation (210,000 ϫ g at 4°C for 2 h) as previously described (21) .
The molecular weight distribution of PHA was analyzed via gel permeation chromatography (GPC) (1260; Agilent, USA). Lyophilized cells with 15 mg of PHA were treated with chloroform for 2 to 3 days at room temperature. After centrifugation (3,000 ϫ g for 30 min) to remove debris, the sample was filtered through a disassembled syringe filter. The PHA dissolved in chloroform was then purified by ethanol precipitation 9.0 kb, expression plasmid for PhaZh1 with its promoter region This study (29) . The samples used for GPC analysis were dissolved in chloroform at a concentration of 6 mg ml Ϫ1 and filtered through a 0.45-m syringe filter. The conditions for the GPC analysis were as follows: two PLgel 5-m 10E5A columns (300 mm by 7.5 mm, Agilent Technologies); column and refractive index detector temperature, 35°C; mobile phase, chloroform; flow rate, 1 ml min Ϫ1 ; and injection volume, 50 l. Polymer polystyrene (Agilent polymer standard kit) was used as a standard.
SDS-PAGE and MALDI-TOF/TOF MS analysis.
The isolated nPHA granules were resuspended in SDS-PAGE loading buffer (50 mM Tris-HCl, 2% SDS, 0.1% bromophenol blue, and 10% glycerol, pH 6.8). Coomassie brilliant blue R-250 was used for protein staining. The protein of interest was identified via matrix-assisted laser desorption ionizationtandem time of flight mass spectrometry (MALDI-TOF/TOF MS) as described by Shevchenko et al. (30) .
Gene deletion, complementation, and mutation. For construction of the phaZh1-knockout plasmid, a 497-bp DNA fragment located immediately upstream and a 644-bp DNA fragment located immediately downstream of the phaZh1 open reading frame (ORF) were amplified with the primer pairs phaZh1-DF1/DR1 and phaZh1-DF2/DR2, respectively. These two DNA fragments were used as templates for overlapping extension PCR with the primer pair phaZh1-DF1/DR2. The overlapping PCR product was digested with BamHI plus KpnI and then inserted into the pyrF-based integration plasmid pHFX (17) , which resulted in pDZh1. After pDZh1 was introduced into H. mediterranei EPS, the ⌬phaZh1 mutant strain was screened and identified as previously described (17) .
For construction of the phaZh1 complementation plasmid, the ORF of phaZh1 with its promoter region (i.e., the intergenic region between bdhA and phaZh1) was amplified with the primer pair phaZh1-WL-F/R. The PCR product was digested with NcoI plus XbaI and then inserted into the pWL502 plasmid (21) to yield pWLZh1.
Through overlapping extension PCR, phaZh1 mutations were amplified with the primer pairs listed in Table 2 . The PCR products were digested with EcoRI plus KpnI and then inserted into the plasmid pTA03, resulting in derivatives of pTA03 with mutated phaZh1.
Expression and purification of His-tagged proteins in H. volcanii. The plasmids and primers used in this study are listed in Tables 1 and 2 . For gene cloning and protein expression in H. volcanii H1424, several new expression vectors were developed, at first based on the plasmid pTA1228 (27) , in which the tryptophanase promoter P.tnaA was replaced by the strong promoter P.phaR (22) . Briefly, the P.phaR promoter was amplified with the primer pair P.phaR-F/R and was then digested with BamHI plus KpnI and inserted into pTA1228 to yield pTA01. After digestion with KpnI, the 3= overhang of the linear pTA01 was removed with T4 DNA polymerase and then self-ligated to generate pTA02. After digestion with EcoRI plus BamHI, pTA02 was ligated with the fragment of the annealing primer pair TA03-F/R or TA05-F/R, resulting in pTA03 or pTA05, respectively.
For construction of the PhaZh1-or BdhA-expressing plasmid, the ORF of phaZh1 or bdhA was amplified with the primer pair phaZh1-TA-F/R or bdhA-TA-F/R, respectively. These PCR products were digested with EcoRI plus KpnI or KpnI plus BamHI and then inserted into the plasmids pTA03 and pTA05, resulting in pTA03-phaZh1 and pTA05-bdhA, respectively. The H. volcanii H1424 transformant harboring the expressing plasmid was cultivated in 2-liter flasks with 500 ml (1:100 [vol/vol] inoculation) of Hv-YPC medium at 45°C for 36 h. After the collected cells were ultrasonicated at 4°C (the following operations were all at the same temperature), the crude extracts were separated from the debris by centrifugation (10,000 ϫ g for 15 min). His-tagged protein was purified with Ni-agarose columns. Briefly, the column was activated with 10 ml of binding buffer (2 M NaCl and 20 mM Tris-HCl, pH 8.0). The crude extracts were then loaded onto the column, and the proteins with nonspecific adsorption were eluted with 50 ml of wash buffer (2 M NaCl, 20 mM Tris-HCl, and 20 mM imidazole, pH 8.0). Afterwards, the Histagged proteins were eluted with 10 ml of elution buffer (2 M NaCl, 20 mM Tris-HCl, and 500 mM imidazole, pH 8.0). Finally, the imidazole in the solution was diluted with binding buffer, and the protein was concentrated via ultrafiltration. Using the bicinchoninic acid method (31), the concentration of purified protein was measured spectrophotometrically (DU800; Beckman Coulter, USA) at 562 nm.
Enzyme assay. The nPHA depolymerase activity was analyzed by measuring the decrease in nPHA granule turbidity at 650 nm (32) . Briefly, the assay mixture contained 2 M KCl, 100 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , and the purified nPHA granules (initial optical density at 650 nm [OD 650 ], ϳ1). The reaction was started by adding the purified PhaZh1 (100 g ml Ϫ1 ) at 45°C.
The 3HB dehydrogenase activity assay was performed at room tem- 
Sequences representing restriction sites are underlined.
perature in buffer (500 l) containing 2 M KCl, 100 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 4 mM sodium 3-hydroxybutyrate (Sigma), 5 mM NAD ϩ , and 25 g of purified BdhA. After the protein was added, the NADH produced in the solution was monitored spectrophotometrically (DU800; Beckman Coulter, USA) at 340 nm (the extinction coefficient of NADH [ε NADH ] at 340 nm is 6.22 ϫ 10 3 liters mol Ϫ1 cm Ϫ1 ). Sodium 3-hydroxybutyrate can be replaced with the nPHA granule degradation solution with the pH adjusted to 7.0. PHA degradation product and glucose concentration analysis. The nPHA granule degradation product was identified via high-pressure liquid chromatography (HPLC) (HPLC-1220; Agilent, USA) as described previously (33) using sodium 3-hydroxybutyrate (Sigma) as the standard.
The glucose concentration in the medium was measured with the SBA-40D sensor (Institute of Biology, Shandong Academy of Sciences, China). After centrifugation (10,000 ϫ g for 5 min), the supernatant was diluted with double-distilled water (ddH 2 O) (1:20, vol/vol), and 25 l of the dilution was subjected to the glucose concentration assay, with 1 g liter Ϫ1 glucose as the standard.
Protein sequence analysis and gene cluster search. The protein domain and active site were analyzed using NCBI BLASTP with the conserved-domain database (34, 35) . The GeneDoc program (http://www .nrbsc.org/gfx/genedoc/) was used to analyze the homology of protein sequences. The conserved gene cluster was analyzed through a Sequence Similarity Database (SSDB) gene cluster search (KEGG) (http://www .kegg.jp/kegg/ssdb/).
RESULTS

Mobilization of PHA in H. mediterranei.
PHA is a carbon and energy storage compound accumulated within the bacterial cells, it is usually mobilized when the exogenous carbon is inadequate; e.g., R. eutropha can use the PHB degradation products for growth and survival under conditions of carbon starvation (4). Here we investigated PHA degradation in H. mediterranei in carbon-rich medium ( Fig. 1A) and carbon-free medium (Fig. 1B) . The concentration and content of PHA accumulated in the cells were analyzed via GC assay to determine whether the accumulated PHA was mobilized. The concentration of glucose, which was the sole carbon source in the medium, was measured as described in Materials and Methods. Unlike the case for bacteria (15) , which mobilize the accumulated PHA when the exogenous carbon source in the medium is exhausted, the accumulated PHA in H. mediterranei was not obviously mobilized after the glucose in the medium was used up even for a period of 5 days (Fig. 1A) .
Considering that other nutrients (such as N or P) in the medium may be exhausted or any unknown metabolites may be accumulated and thus inhibit the PHA mobilization, we then transferred the PHA-rich cells into a fresh carbon-free medium (Fig.  1B) . Notably, when PHA-rich cells were incubated in this freshly prepared carbon-free medium, the previously accumulated PHA was degraded gradually in H. mediterranei (Fig. 1B) . Over a period of 5 days, the PHA content in the cells decreased from 61% (of dry cell weight) to 38%, and 0.71 g liter Ϫ1 PHA was degraded. After 10 days, approximately 47% of the accumulated PHA was mobilized. The molecular weight distribution of PHA in the degradation stage was analyzed via GPC assay as described in Materials and Methods (Fig. 1C ). With an increase in the incubation time, the molecular weight of PHA decreased. This finding demonstrated that PHA was degraded in PHA-rich cells incubated in carbonfree medium. Because the PHA content decreased slowly from the 5th day to the 10th day ( Fig. 1B and C) , incubation of PHA-rich cells in carbon-free medium for 5 days was chosen for the following PHA degradation research.
PhaZh1 is a novel PGAP in H. mediterranei. Depolymerase is the key enzyme involved in PHA degradation. To isolate the potential PHA depolymerase from H. mediterranei, we collected and purified nPHA granules from cells in which PHA was accumulated and degraded, as described in Materials and Methods. The proteins located on the granules were analyzed by SDS-PAGE ( Fig. 1D) . A new protein located on the granule was purified from the PHA degradation cells that were incubated in carbon-free medium for 5 days (Fig. 1B) . The new protein was identified by MALDI-TOF/TOF MS as HFX_6464 ( Fig. 2A ). Interestingly, HFX_6464 was a patatin-like protein (36) (belonging to the Pfam01734 family). Patatin is a major storage protein found in potatoes that also has lipid acyl hydrolase and acyl transferase activities (37) . A classical lipase box (G-T-S 47 -G-G) was found in the sequence of HFX_6464 (Fig. 2B) , and such a box is also found in several bacterial PhaZs and is very important for the hydrolysis activity of these PHA depolymerases in bacteria (6, 38, 39) . Notably, HFX_6463 (bdhA), which encodes a putative NAD ϩdependent 3HB dehydrogenase (40) , and HFX_6464 formed a gene cluster in the megaplasmid pHM500 of H. mediterranei ( Fig.  2A) . Moreover, through an SSDB gene cluster search (see Materi-als and Methods), we found five other archaeal and three bacterial strains that had the same genetic organization in their genomes (Fig. 2B ). Among the eight strains, the gene encoding PHA synthase (phaC) can be found in the genomes of the five archaeal strains and the bacterium Aromatoleum aromaticum, which indicated that these six strains may also accumulate PHA in their cells.
All of these facts indicated that HFX_6464 may act as a PHA depolymerase in H. mediterranei. HFX_6464 was previously annotated as RssA, and we here designated it PhaZh1, the potential haloarchaeal PHA depolymerase.
Effect of PhaZh1 on PHA degradation in H. mediterranei. To determine the function of PhaZh1 in nPHA granule degradation, we knocked out the phaZh1 gene from H. mediterranei EPS ( Table  1 ). The nPHA granules isolated from the strain H. mediterranei EPS harboring pWL502 (an empty plasmid) were gradually degraded in vitro (Fig. 3A) . After 5 h, the turbidity of granule suspension at 650 nm was decreased from 0.96 to 0.24. However, for the nPHA granules isolated from the phaZh1 mutant strain H. mediterranei EPS⌬phaZh1 harboring the pWL502 plasmid, the granule degradation was not detectable in vitro (Fig. 3A ). In contrast, the nPHA granules isolated from the phaZh1 complementation strain H. mediterranei EPS⌬phaZh1(pWLZh1) recovered the ability of autodegradation (Fig. 3A) , which was similar to that of the wild-type strain. This result indicated that PhaZh1 is involved in the nPHA granule hydrolysis in vitro.
To determine the in vivo function of PhaZh1 in H. mediterranei, the effect of phaZh1 deletion on intracellular PHA degradation in H. mediterranei was investigated. The PHA concentrations in the H. mediterranei EPS⌬phaZh1 and H. mediterranei EPS strains were determined via GC assay (Fig. 3B) . The H. mediterranei EPS⌬phaZh1 strain accumulated slightly more PHA (2.40 Ϯ 0.15 g liter Ϫ1 ) than the H. mediterranei EPS strain (2.12 Ϯ 0.04 g liter Ϫ1 ) on day 0. After 5 days, however, the PHA concentration in the H. mediterranei EPS⌬phaZh1 strain gradually decreased to 1.69 Ϯ 0.06 g liter Ϫ1 , which was equal to that found in the H. mediterranei EPS strain (1.63 Ϯ 0.03 g liter Ϫ1 ). Hence, PhaZh1 mutation (⌬phaZh1) had a slight effect on PHA accumulation but had no significant effect on intracellular PHA mobilization in H. mediterranei EPS.
The effect of phaZh1 complementation on PHA degradation in the ⌬phaZh1 mutant strain was investigated. The expression of PhaZh1 (with plasmid pWLZh1) in the mutant strain H. mediterranei EPS⌬phaZh1 resulted in less PHA accumulation (2.73 Ϯ 0.06 g liter Ϫ1 ) than that found in the control strain (with empty plasmid pWL502) (2.92 Ϯ 0.06 g liter Ϫ1 ) on day 0 in another parallel experimental assay (Fig. 3C) . However, the PHA concentration in the complementation strain was also decreased to a level equal to that observed in the control strain over a period of 5 days. These results indicated that although PhaZh1 showed efficient activity and was most likely the key enzyme in nPHA granule hydrolysis in vitro (Fig. 3A) , either deletion or complementation of the phaZh1 gene had no significant effect on PHA mobilization in vivo ( Fig. 3B and C) .
Analysis of the nPHA granule hydrolysis product. To further biochemically determine the hydrolysis activity of PhaZh1 with the nPHA granules, we expressed PhaZh1 with a C-terminal His 6 tag (His 6 -PhaZh1) in the haloarchaeon H. volcanii H1424 (26) . The promoter of the expression plasmid pTA1228 (27) used in this study was replaced with a strong constitutive promoter of P.phaR in which its negative cis element has been deleted (22) . The PHA depolymerase activity of His 6 -PhaZh1 (Fig. 4A ) was higher at 45°C than that at 37°C or 30°C (Fig. 4B) , which was consistent with the optimal growth temperature (45°C) of H. mediterranei (41) . The purified His 6 -PhaZh1 hydrolyzed the nPHA granules isolated from the haloarchaeon strain H. mediterranei EPS⌬phaZh1 (Fig. 4B and C) and even the nPHB (which did not autodegrade in the hypersaline buffer) obtained from the bacterial strain R. eutropha H16 (Fig. 4D) . The PHA degradation rate for nPHA granules isolated from the strain H. mediterranei EPS was significantly raised when the purified His 6 -PhaZh1 was added ( Fig. 4C) . These results clearly indicated that PhaZh1 is the key enzyme for nPHA granule hydrolysis in vitro.
The nPHA granule hydrolysis products were identified via HPLC (33) using sodium 3-hydroxybutyrate (Sigma) as the standard. We found that the 3HB monomer (the typical retention time was 13.7 min) but not a mixture of the 3HB monomer and dimer (6) was detected in the hydrolysis reaction mixture (Fig.  5A) . When the turbidity (OD 650 ) of the reaction solution was decreased to 0.197 Ϯ 0.01, the amount of the 3HB monomer released from the nPHA granules was increased to 9.15 Ϯ 0.41 mM (Fig. 5B) , and the final pH of the solution was 5.0 to 6.0, in contrast to the initial pH of 7.0. Changes in pH indicated that some acidic materials were produced in the solution. The analysis of the peak spectrum of the HPLC assay results revealed a small peak at 16 min (Fig. 5A) , which may represent the 3HV monomer (33) . This result confirmed that PhaZh1 hydrolyzed the nPHA granules isolated from H. mediterranei and that the main product was 3HB monomer.
Expression, purification, and functional analysis of BdhA. Interestingly, the bdhA gene located in the bdhA-phaZh1 (HFX_6463 to _6464) gene cluster encodes a putative 3HB dehydrogenase. It is well known that the 3HB monomer can be converted to acetoacetate by NAD ϩ -dependent 3HB dehydrogenase, generating NADH that can be easily monitored (13, 40, 42) . To test the function of the BdhA of H. mediterranei, we expressed the BdhA with an N-terminal His 6 tag in H. volcanii H1424 and purified it with Ni-agarose columns (Fig. 5C) . Notably, when the purified His 6 -tagged BdhA was added to the solution containing sodium 3-hydroxybutyrate and NAD ϩ in a hypersaline buffer, the absorption at 340 nm (for detection of NADH production) increased rapidly. Because the final solution of the nPHA granule hydrolysis by PhaZh1 contains 3HB and the pH is about 5.0 to 6.0, it was adjusted to pH 7.0 before being used to replace the sodium 3-hydroxybutyrate for the BdhA activity assay. The results clearly indicated that BdhA is a 3HB dehydrogenase in haloarchaea (Fig.  5D ). Interestingly, when the molarity of the acetoacetate added to the solution increased, the NADH produced in the enzymatic reaction gradually decreased (Fig. 5D ). The addition of 2 mM acetoacetate to the solution strongly inhibited the enzyme activity of BdhA within 0.5 min, indicating that the reaction product acetoacetate clearly inhibited the enzyme activity of BdhA. These results implied that BdhA could participate in nPHA granule hydrolysis, and PhaZh1 and BdhA may constitute the first part of a PHA degradation pathway in vivo.
Analysis of the putative active sites of PhaZh1. The product, 3HB and likely the 3HV monomer (Fig. 5A) , of nPHA granule hydrolysis by PhaZh1 was different from the mixture of 3HB monomer and dimer found in bacteria (6) . As mentioned above, PhaZh1 is a patatin-like protein (36) that has not been reported to hydrolyze nPHA granules previously. Through BLASTP (proteinprotein BLAST) analysis using the NCBI (34, 35) , we analyzed the putative active sites of PhaZh1 based on the crystal structure of an isozyme of patatin, Pat17 (PDB id 1OXW) (36) , which indicated that Gly 16 of PhaZh1 may form the putative oxyanion hole and that Ser 47 (in the lipase box G-T-S 47 -G-G) and Asp 195 (in the motif W-D 195 -G) may constitute the putative catalytic dyad (Fig. 2B) .
We replaced the three amino acid residues with alanine to verify whether these putative active sites were indeed important for the hydrolysis activity of PhaZh1. Three PhaZh1 mutants (G16A, S47A, and D195A) were constructed as described in Materials and Methods. All three PhaZh1 mutants (Fig. 6A ) lost the ability to hydrolyze the nPHA granules (Fig. 6B ). This result confirmed that Gly 16 , Ser 47 , and Asp 195 are indeed essential for nPHA granule hydrolysis. Ser 47 in the classical lipase box (G-X-S-X-G) may be the active-site serine (6, 38, 39) , and Asp 195 may form the charge relay dyad with Ser 47 in PhaZh1. Gly 16 of PhaZh1 may act as an oxyanion hole liganded to the Ser 47 -Asp 195 catalytic dyad, similar to Lys 17 of patatin B2 (43) . Taken together, these mutagenesis studies implied that Gly 16 , Ser 47 , and Asp 195 are the essential residues, among which Ser 47 -Asp 195 is likely the catalytic dyad of PhaZh1.
DISCUSSION
Although many intracellular PHA depolymerases have been found in bacteria, such proteins were not clearly recognized by homology searches in the genome of H. mediterranei. Using the two-dimensional electrophoresis (2-DE) method, five PGAPs (HFX_5217 to HFX_5221; MaoC, PhaR, PhaP, PhaE, and PhaC) have been isolated from the nPHA granules accumulated in H. mediterranei cells at the stationary phase of growth (21, 22) . Interestingly, these five PGAPs are encoded by a gene cluster (pha cluster; HFX_5217 to _5221) in the genome. The functions of these PGAPs (except MaoC) in PHA biosynthesis or granule formation have been characterized recently (18, 21, 22) . However, no putative PHA depolymerase was found in this PHA granule proteome. In this study, when we transferred the PHA-rich cells of H. mediterranei into a fresh medium without a carbon resource, a novel PGAP was observed at the nPHA granules and was identified as the intracellular PHA depolymerase PhaZh1 (Fig. 1D ). This indicated that PhaZh1 might be induced under the condition of carbon starvation.
Through BLASTP analysis (34, 35) , PhaZh1 was found to be a patatin-like protein (36) , and proteins with a patatin catalytic domain are widely found in the three domains of life (44) (45) (46) . Modification of putative conserved residues of serine, aspartate, and histidine of patatin B2 demonstrated that Ser 54 and Asp 192 constitute the active site (43) , which was further revealed by the crystal structure of a patatin isozyme, Pat17 (36) . Patatin is a serine hydrolase with a Ser-Asp catalytic dyad (43) , which contains a nucleophile serine that is embedded in the lipase box (G-X-S-X-G) and an aspartate that is often found in an Asp-Gly-Gly motif (36) . An anion-binding element, Gly-Gly-X-Arg, is also important for the enzyme activity of patatin (36) . The patatin-related phospholipase A found in plants (pPLA) and animals (cPLA 2 ) cleaves phospholipids at the sn1 or sn2 position of glycerophospholipids to yield free fatty acids (47) . However, a patatin-like protein that hydrolyzes the PHA granules has not yet been reported. Based on a partial sequence around the conserved residue alignment of PhaZh1 with Pat17 (36), we proposed that Gly 16 , Ser 47 , and Asp 195 of PhaZh1 may be the essential residues (Fig. 2B) . The site-directed mutagenesis of PhaZh1 indicated that Gly 16 , Ser 47 , and Asp 195 are indeed essential for nPHA granule hydrolysis. The putative catalytic dyad of PhaZh1 is Ser , and that is different from the case for all known bacterial PHA depolymerases, which have the putative catalytic triad Ser-Asp-His (7, 42) . The difference in catalytic domain between PhaZh1 and its bacterial counterparts may explain why the products of nPHA hydrolysis by PhaZh1 are hydroxyalkanoate monomers, which are different from that obtained by bacterial depolymerase PhaZd1 or PhaZd2 (6) . The latter is a mixture of hydroxyalkanoate monomer and dimer. Interestingly, a patatin-like phospholipase protein (H16_A0225) was recently identified as a new PGAP in R. eutropha (48) . Because of their same locations on the PHA granules and their conserved patatin-like catalytic domains between PhaZh1 and H16_A0225, we speculate that H16_A0225 may be also involved in PHA degradation in R. eutropha.
PhaZh1 catalyzed the hydrolysis of nPHA granules purified from the haloarchaeon H. mediterranei and even nPHB granules purified from the bacterium R. eutropha H16 in vitro (Fig. 4) . The nPHB granule isolated from R. eutropha H16 degraded without depolymerase addition in 50 mM potassium phosphate buffer (8) but showed no significant degradation in 2 M KCl buffer (Fig.  4D ), which indicated that depolymerase PhaZa1 located on the nPHB granule did not work in hypersaline buffer. Thus, PhaZh1 was the key enzyme for nPHB granule hydrolysis in hypersaline buffer (Fig. 4D ). BdhA (a putative 3HB dehydrogenase) catalyzed the redox reaction (40) in the presence of NAD ϩ in the solution of nPHA granule hydrolysis by PhaZh1, which indicated that BdhA is a 3HB dehydrogenase in haloarchaea. PhaZh1 with BdhA degraded the nPHA granule to acetoacetate in vitro, indicating that they may constitute the first part of a PHA degradation pathway in vivo. The main product of nPHA granule hydrolysis by PhaZh1 was found to be the 3HB monomer (Fig. 5A) . It is known that the monomers of PHA degradation by PhaZ are typically in the R configuration (49) , and the ⌬bktB mutant of H. mediterranei accumulated a considerable amount of PHB instead of PHBV in the cells (20) . Thus, PhaZh1 has the potential to produce the chiral compound (R)-3HB, which is a high-value-added product with industrial and medical applications (49) .
Although PhaZh1 was the key enzyme of nPHA granule hydrolysis in vitro, deletion of the phaZh1 gene had no significant effect on PHA mobilization in vivo in H. mediterranei (Fig. 3B and C) . Similarly to the PHB depolymerase redundancy in the bacterium R. eutropha H16 (6, 7, 15) , other PHA depolymerases should exist and have significant effects on the in vivo PHA degradation in H. mediterranei. These candidates for PHA depolymerase may include several predicted hydrolases, as well as the PhaCs that may contribute to both PHA synthesis and mobilization. Interestingly, among the nine intracellular PHB depolymerases or PHB oligomer hydrolases in R. eutropha H16, PhaZa1 is the only PHB depolymerase located on the PHB granules (8, 48) . The other PHA depolymerases that may exist in H. mediterranei may not be located on the PHA granules (similarly to PhaZh1) or not function in vitro. Therefore, PhaZh1 may not play a significant role in PHA mobilization within the cell, but it is the key enzyme for nPHA degradation in vitro (Fig. 4) .
Taking the results together, the patatin-like protein PhaZh1, which is located on the PHA granules in H. mediterranei, was identified as a novel PHA depolymerase. PhaZh1 is distinct from its bacterial counterparts in terms of its catalytic domain and hydrolysis product. Notably, hydroxyalkanoate monomers were the product of nPHA granule hydrolysis by PhaZh1. These specific features may provide a new strategy for producing the high-valueadded chiral compound (R)-3HB. In addition, this study implies that other PHA degradation pathways may also exist in H. mediterranei. Identification of these pathways may provide more insights into PhaZh1 function in vivo, as well as the mechanisms of PHA mobilization in haloarchaea.
